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LIST OF SYMBOLS

Ap - Propeller Disc Area, £t2

AF = Propeller Blade Activity Factor
Aq - IxP Propeller Excitation Factor
AR -~ Aspect Ratio

B = Number of Propeller Blades

b = Wing Span, Feet

c - Wing Chord, Feet

Dp =~ Propeller Diameter, Feet

HP - 1Installed Normal Rated Hersepower, Standsmi Day, Sea Level
Kp - Ratio of HP/Thrust

Mp - IxP Propeller Blade Root Bending Moment, Ft.-Lb.

R - Ratio of Weisrht to Ai-craft Desipgn Gross Yeight

Q - Torque, Ft-Lb.

S - Wing or Tail Surface Area, ft2

Vr - Propeller Tip Speed Ft./Sec.

W - Weignt

Wy =~ Hover Disc Loading, Defined as Hover Thrust/Ap, Lb./ft2
W/S - Wing Loading, Design Weight/Ming Area, Lb./ft?
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This report swummarizes the strictural design criteria and
presents the derivation of the weight Rp 2quation for parametric
determination of the design parameters of the minimum gross weipht
aircrafi{ capable of fulfilling the performance specifications cof
Contract Nonr 1657 (00).
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INTRODUCTION
The Weight RF Equation

Use of the Hiller Rp method of parametric optimization for the
specified transport prepelloplane mission requires the develop-
ment of an analytical expression for the variation of the ratio
of fuel weight to gross weight which is permissable at any gross
weight in terms of the var_ .bles of the investigation.

In general
Wg = Wp +VWC + WE + WF + WFT

where
Wg = Gross Weight Wp = Design Payload
Wc = Crew Weight WE = Empty Weight Less Fuel Tanks
Wp = Allowable Fuel Wpp = Fuel System Weight
Weight
re-writing

Wgp + Wpp = Wg -Wp = VWg = Wg
and placing into ratio form by dividing by gross weight

Rp + Rer = 1 -Rp -Rg - 2
where ¥ is designated as the ratio of empty weight,less fuel system
weight4to gross weight. To ensure compatibility between fuel and

fuel tank weight, tank weicght is assumed to be proportional to the
amount of fuel stored, hence to fuel weight.

RF {1 +kf) = 1 -Rp-Rc -8

Therefore, the Rp can be expressed

RF = Tl—l'—m(l-Rp-Rc-I)

This equation is the generalized weight equation of the aireraft and
is referred to as the Weight Rp Equation. The R parameter provides

the common link between weight and aerodynamic characteristics.
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For the mission of this contract, th2 design payload is specified as
PO00 1bs,, a crew of three veighs 600 1lbs.,, and the weirht of self
sealing tanks i1s assumed to be .9 1use. per rallon of fuel.

Thus
Rg = 600/,
1+kp = (1+_é_9_) = 1.15
hence
1 8600
S v A

g

The remaining unknown, 3, is the sum of the veight ratio expressions
of all individual components vwhich comprise the empty weight of the
aircraft and is, therefore, a function of the design parameters af-
fecting each.

Five parameters are chosen as the rfundamental variables of the study.
These are:

1. Disc Loading 3. Aspect Ratio
2. Tip Speed Lke Wing Loading
e Gross Weight
The major effort of the weirght analysis is, therefore, the derivation
of the weight expressions for the component items of P in terms of

these five variables.

Structural Criteria and Weight Prediction Approach

By rature of the broad scope of the parametric analysis utilizecd in this
study, establishment of struciural design criteria is limited to ser.erali-
zations sufficient to insure realistic weight estimations of the aircraft
components whose weishts are a functicn, in some manner, of the aircraft
loads,

Design loading for propeller blades is established tc te tne rore critical

of the IxP vibratory momerits occurring during transition or normal fixed
wing flight regimes.
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Airframe and wings are designed to +5,0, ~3.5g dltimate locad facicrs
in order to provids a general strength level adequately representative
of symmetrical maneuver and ianding conditions for aircraft of <his
size and function.

Design loading for the wing tilting mechanism, which is most criti-al
during an asymmetrically braked forward landing roll with wing tilted
to vertical position, is approximated by an equivalent 2&3g lcad face
tor appliied forward through ~.g. of hinged mass when the wing is
vertically positioned.

The approach to the problem of practical weight prediction considers
the fact thet, in general, design requirements for most of the air=-
craft components are similar to those of current conventicnal air-
craft, and the weights of these components can be most practically
expressed by expiricai equations derived from data on operational
aircraft with similar design parameters. These weights are quite
representative of current design practicesWherever required for com-
ponents which are peculiar to this type of aircraft,or represent
unique aoplications of conventional cormmonents, detailed treatment
on a more analytical basis is accorded.
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DERIVATION OF THE ¥ TERM

The components comprising the empty weight items of this aircraft
are divided into the following nine groups.

A. Power Plant (Including engines, transmissions, engine controls,
accessories, engine mounts, vibration dampers, nacelle.)

B. Propellers (Excluding propeller controls, anti-icing and spinners.)
C. Wings

D. Fuselage

E. Landing Gear
F. Empennage

G. Supplemental control system (inciudes auxiliary engines, ducts,
jet deflecters, fuel, etc.)

He Wing tilting mechanism

I. Fixed and Operational Equipment (Includes surface contrecl systems,
hydraulic, electrical, pneumatic systems, furnishings, navigation
equipment, anti-icing, and air conditioning provisions, electron-
ics, etc.)

Expressions for each group are derived individually below, and the sum

of

A.

the expressions defines %.

Power Plant Weight Ratio

Power Plant Weight includes the weight of the engines, transmissions,
engine controls and accessories, engine and transmission oil, and

oil systems, engine mounts, vibration dampers, firewalls, and nacelle
cowling.

The gas turbine engines for this aircraft are similar in construction
to the current Allison T-LO engine, in that there are two power sec-
tions geared to a common transmission in each nacelle. From the gen-
eralized specific weight curves for engines forecast for 196%
(Reference 1), the following relationship between engine weight and

rormal rated pover at sea lcvel is derived for the ranee of horse-
povers indicated.
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w . "026 Z hy
<ﬁ> nacelle N B H:l:'l'lacelleuooo‘Hpnacelle"-ll,'J )

hence, the weight ratio of the engine in one nacelle is

Ve _ 2.02 (#p~+?%)up _ 2,02 HP;;gells
o W = W
g g g

Total rormal rated design tnrust at sea level, as required for
hover ceilirs requirements, = T = 1.3 W,, so the HP of one nacelle
of a four nacelle aircraft may be expressed

[aad

= 1 = 1 .}E = 1.3 .2_12 ; = '3 T
HPhacelie i HPy o L <T ) d T< T )“‘9 R {p g

where Kp = HP/T and HP = total normal rated horespover at sca
level installed in the aircraft.

Hence, tihe engine weight ratio may finally bte written

we 2.02 1.3 .7Ll . .—-h 7-026
ﬁ = T T KP WK L 068 KP{ 1-'\Ig

i)

This exvpression includes weight of accessories and engine controls,
but not reducticn rearing,

Transnissions for this aircrafi couple the two power sections cf
each nacelle to the propeller shaft and are of the planetary train
type with twe inruts and a coaxial output. Statistical data for
transmissions of this type, which includes the weipghts of gearboxes
and centrifural and overrunring clutches, indicate the following
relationsiip between transmission weight and maximum torque on the
low speed cutput (References 2 and 3).

“J’T L 0081 kn Q.88

kns @ fecbor to account for the number of inputs and outputs is
evaluated ©o be 1l.40 from studies of current transmissions of tnis
type (T-"iL, T=56, T-LO).
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For one nacelle, total design tcraque is assumed to te 75 percent
maxinum torque available at sea level military povere. This de-
rating of the transmission c¢fiects a significant weight saving
in view of the larce excess of vower necessarily available at
sea level in order to meet the hover requirements of 6000 feet
on a 95° F day.

thus o = .78 550 HP Dp

NVt

Using the previous notation for horsepower/nacelle, military
horsepower may be expressed

| HRqp = 1.12 HRy, = 1.12(-11:_3- Kp wg)

and defining the hover disc loading as T/total disc area

P
~ 1.3 Wg ¥
%o = 2(5 wn)

Hence, the weight ratio of one transmission is

.68 32
w‘; VT ‘IH.L‘h

! 0il consumption for engitnes and transmissions is conservatively
l ! assumed to be 1.5 gallons per hour per nacelle, based on average
requirements of present day engines. O0il tanks weigh approxi-
mately two pounds per rallon of o0il, and turbine grade oil weight
is assumed to be 7.9 1b/ealion.

Hence, the weight ratio of oil and oil system per nacelle may be
' expressed, for an assumed three hour mission with 100 percent re-
i serve

Woil + o0il sys. _ (1.5)6(7.9 + 2) 70 + 20 _ 90

Wg Wg Wg Wg

Starter weight is neglected since the engines are started by the
auxiliary power unit bleed air.
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The nacelle weight includes engine mounts, oil cooling systcr
firewalls, vibration isolation systems, cowlings, etc. Preseut
day installation weight averares about 6f percent of engine
weighte Assuming that the twinned engine system increases in-
stallation weight required f-~r a single engine by 50 percent,

then
WN O 3(.68)de Ve
o %(T}’j Sl
or
WN .7h -v26

Total power plant weight ratio is the sum of the above expres-
sions (one nacelle only).

kpt®8 i, .32

Jpp kgTh uz-26 90
VJ—— = 1. 33 dg + w—g +

Kp, the ratio of total installed normal rated horsepower at sea
level to design thrust is a characteristic of the propellers
chosen and will ©te related to tip speed and disc loading in
section B.

The above expression, of course, represents "rubber engines". “or
those portions of the study where hardware engines are required,
weights are taken from the appropriate engine specifications.

B, Propeller Weight Ratio

Due to the severe vibratory loadings to which propeliers for VTO
aircraft are subject, propeller blade weight is best described
in terms of the IxP loadings as follows: (Reference L)

)
Wp = .0536 E:Q% + .0008LY AF Dp®°3

Mg is the critical IxP moment at the blade zero station. Thick-
ness to width ratio at the .l radius is approximately .1L8.
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Weirht of Lthe nropellsr nub Zor toth sinzle and dual rotation nro-
~ellers is aproroximately 50 nercent of total propeller weirht for

tne rapid plich chanoe rates -2cuired with turbine enegines. Hence,
tne welcht ratio of the entire propeller may be written

Wp B
W " vng (BWB + WHUR) -‘fvg- WB
r 1 &
= 51.3. | .0536 L J .0008L) AFD§'3]
g I. D1570

Defining hover disc loading as in the previous section, propeller
diameter may be expressed

then 1.3 wp>%

DP"?(WTH

and total weight ratio of one propeller is

.SO 1.5
; B(AF) W
ZTP' = .1LSS ( ( isg ) (Mo wﬂl 5+ .oob19)
g \ WH O AF 'Jg O

This expression is equally wvalid for single and dual rotation pro-
pellers, since, in practice, D and AF are the same for forward and
aft blades, the relationship between &b and tlade weight is sim-
ilar for both types, the B term accounts ror the actual numter of
blades, and My may te assumed equal for forward and aft blades.
Although calculations would show Mg smaller for aft blades due to
straightening of the inflow, interference buffeting removes much
of the conservatism of this assumption.

For simplification of calculations, the parameter Mdr is used in

place of Mg
Mo
W —
2( Wg ¢
‘ﬁ(\m
Hence P
P Wgy * B(AF)
T - '291("3 ["o + 0021 o
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In this expression Mg and B(AF) are not fundamental parameters of
the Rp equation, but *in the critical conditions can be related
to disc loading and tip speed, and B(AF) will be optimized by
special investigation to provide a unique value for each comtina-
tion of wy and Vq.

Critical IxP Moments

Critical vibratory loadings occur in the following flight conditionsa
l. Transition from vertical to horizontal flight.
2+ Normal Airplane flight conditions.

Mcments occurring during transition flight were investigated for
all angles of the thrust axis from horizontal to vertical, using
the data of Reference 5 for Mp, the pitching component, and the
data of References6 and 7 for My, the yawing component. It was
found that good approximation of the critical moments can be ob-
tained by simultaneous consideration of a yawing component arising
from a yawing moment coefficient Cy = .,0315, and the pitching
rnoment occurring at a thrust line angle of 75° approximated by the
product of propeller thrust and an arm of .193xp-.peller redius

Moments arisinz from normal airplane flight conditions were cai-
culated for critical values of "Aq" per methods of References 8
and 9.

Figure 1 summarizes the most critical moments arising from con=-
sideration of the two flirht conditions for the disc loadings and
tip speeds investipated.

B(AF)

Both power plant weight and propeller weight are functions of the
propeller tlade activity factor and the number of such blades, or
B(AF): the former, tecause of the effect of E(AF) upon HP/T and,
therefore, upon power requiredj and the latter because of iis ex-
plicit appearance in the propeller weight equation.

Selections of a "best" value of this parameter through a separate
optimization procedure is possible due to the fact that for this
type of mission, within the range of tip speeds and disc loadings
investigated, and the practical variations of B(AF) permissible, it
is found that the effect of B(AF) upon:the gross weirht of the air-
craft is due primarily to its influence upon the empty weight of
the aircraft rather tnan its direct effect upon fuel consumption.
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Ficura ¢ shovs the comtined wei-nts of powerplant snd nronecller
plotted verous P(AF) for single and dual rotation nronellers for

several disc loadin-s at a representativs tip spend and oross

'.v'ei_f;hto

Cutoffs representing minimum permissible valurs of R(AF)

due to possibility of exceeding the allowable blade sircsses
(Reference !:) or maxinum pernissitle !lade stall are in'icated.
The B(AF) at which th> combined weiesht is a ninimum is considered

the optimum.

rotation propellers indicate the hest choice.

Cormparison of the minimums for sinrle and dunl

Variation of HP/T with B(AF) was obtained from the propcller
performance charts of reference 10, and application of this opti-
mization procedure over tile complete range of disc lociings and
tip speeds yielded the following selections of B(AF).

Tasnla 1l

Tip Speed Disc Loading B(AF) No. Blades

200 10 450 3
€0 710 6
00 £90 6
100 1050 S)
000 ut) 195 3
(o 760 6
£o 780 5
120 arnd 6
1900 e £20 3
00 530 3
o a20 ¢
100 30 )

= J e e ——,

dence, weignt of the propellers for this aircraft is determined
as functicns of the variables of the study.

Weisnts of spinners, prop anti-icers, and cont.iols are included
ith fixed and operational equipment in Section I.
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Wing Weight Rasio

The wing chosen for thisstudy 1s of conventional aluminum alloy
sheet and stringer construction with spars located at the 15%
and 50% chord. Planform and thickness taper ratios of 231 are
assumed; the wing is equipped with leading edge slots and trail-
ing edge simple type flaps, and is hinged at the rear spar for
tilting. Althouch the aft 50% of the wing is not continuous
across the fuselage, the structural box is not interrupted. For
weight purposes a symmetrical 15% airfoil is assumed.

Critical loading conditions for the wing include +5g ultimate
symmetrical maneuvering load factor, and =-3.5g¢ 1landing load
factor in the airplane conficuration with 1lg airload effective per
Reference 11l.

The weight expressions for the wing are those previously reported
in Reference 12, which was part of Progress Report Number 2 for
this contract, are are not repeated here. However, changes in
wing peometry necessitated changes in the values of several
structural constants, and the new values are re.orded below in
Table 2.

In addition, in place of the assumption that Wg/Wg, the weight
ratio of power package and propellersis a constan%, the calcu-

lated values of these ratios are used as they vary with disc
loading and tip speed.

Table 2

Revised Structural Constants

Constant Values Used (Dimensions Are in Feet)
ey 3.0
c 5.26 x 10-<
B 24222
T .02155 x 10~2
6 .0182 x 1072
® .0253 x 1072
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D.

F.

Fuselage Weicht fatio

Design arrangement and size of the fuselage is fixed by space
requirements; hence the weight of the fuselage will vary within
the range of gross weichts investigated only in as much as changes
in gross weight affect the zeneral loadings.

The weight ratio for the fuselage may be conveniently expressed by
a simple analytical expression as a function of gross weight based
on con¥entiona1 fuselapme weirht prediction methods (References 13
and 14).

Vg , =605
w—g = 61.5 Vig

Landing Gear Weight Ratio

Weight ratio of the landing gear is expressed by the following
empirical relation (Refarence 2).

ViLg 02
= 045 Wy
e

Emoennage Weight Ratic

Empennagze weight is assumed to average 3 lb./sq. ft. of area.

Area of the horizontal and vertical tails are estimated to te
(per methods of Reference 15):

Syr = Suing (.0217 C = .173) + 16L

SYT ® Sying (+00032 W 50 + 000136 b) + .06k AP + 7h.6

Defining: W 3
b - c = z
Ar( %
I W
AP -.1—:1—.3
W
P H
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G.

Total Empennage weisnt ratio is

+50
.50 W
W
%ﬂ& = 3(Syr + Syr) = u AR} Ljoo%lk R>+ ’ﬁo‘fi—s—l “* .0003‘71]

w3 R
i

Supplemental Control System

The supplemental control system consisting of three lightweight
turbojet engines in the aft fuselage, ducting to the tail, and a
mechanism to direct the thrust in the fuselage tail cone, provides
thrust required for stability and control during hover and slow
speed flight.

Each engine provides 50% of the estimated required thrust so that

in the event of failure of one engine, the remaining pair adequate
control thruste.

From preliminary balance computations, the total thrust required
is estimated to be .OLY Wy at 6000 feet on a 95°F day.

Engine specifications, based on the information in feferences 16
and 17, are assumed, as follows, for sea level standard day static
thrust conditionse.

Specific enpine weirht «110

SFC = 1.0 1b/T/HR (normal rated power)

Idle SFC = 1,8 1b/T/HR

Ratio-idle thrust to normal rated thrust = .160

Ratio-normal rated S.L. thrust to thrust @ 6000 ft. 95° =

1.40

Fuel for these engines is drawn from the main fuel tanks, and suf=-
ficient additional fuel is carried to operate two supplemental con-

trol engines at normal rated S.L. power plus one (the third) encine
at idle for 10 mi-utes.
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Henice, the wzisht ratic for Ye ithree ergines, bassd en s2a level,
stardard dav conditions, in terms of Te, thrust reguired per enzine
v b & i
is
We / 1 T
: € e
T = 3\ «110 gv—) = -33 \",—
l'f; "f’ g

Fuel weight ratio fer two engines operating at normal ratea nower,
and the third standing ty at idle spezd is

WF 10 Te 10 .16 Te . Te
w; = 2(1.0) m -\_Jr + 1(1-9) 66 T = .BQL b

W .
23 £

Ducting weight is estimated at 75 1lbs., deflecter and controls at
125 lts., and weight of the engine compartment including mounts,
firewalls, etc, at 200 1lbs.; weight of additional fuel system anc
tankare is estimated 2t 15 percent of fuel weirnt.

Thrust per engine at standard day sea level required te furnish
the required thrust at termperature and altitude is

Te = 1.)4 (.—Ob-z—"ig) = 003)_13 '\‘Jg

Hence, vei~sht ratio of the entire system is

Vses 40 .
= o 4+ 028,
WE ‘g

He Wing Tilting Mechanism

Weight of the wing tiltine mechanism is expressed in terms of tne
study parameters by a term related to the loads of the system and

a constant representing the weight of those items which are vir. .ally
independent of loading chanres within the raiage of rross weights
investigzted.

Investigation shows good correlation is obtained frecm the followine
expressione.

Wpy = 1.5 W; + 200

Wy is the weight of both jack shafts and is related to the loads
and reometry as follows:
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Critical loading condition occurs durine a suddenly braked
landing roll with wing tilted to vertical nosition., Horizontal
load factor Mp = -1.7°% ultimate.

The shafts of effective column length .55 Croot resist a load
resulting from 1.75(wing weight + pcwer packape weight + propeiler
weight + fuel and fuel tank weight5 applied at the c.z. of the
hinged mass. Total column load, from system peometry, is

i W W W Vi
P = 2.66 gﬂ + U qu + 24;2 + ﬁg + ;;1 Vig
s g e g -

and assuming each shaft mood for 3/iL of total load to prcvide for
asymmetry of loading, desipgn loading for cne shaft is

W, W Wp Wp W
Por = P = 2.0 (;}+u,TP—P+u§I—P+1—JE+—FI> Wp = 2.0 pig
g Ve & e g

Wy, weight of two threaded hollow steel shaftis is approximated:

- 2 pi
Wy = 2(1.5) ‘7’1 (Do? - Di°) [ .55 (12)cy 3 = 457 (Do° - Di) oy

% = 123 hence Di = 4835 Dy 5 Cprocy, = 1.5 Cque, < %o

SO
Wy = 2,12 C D2

D02 is defined in terms of Pgpr on a long cclumn

2 2 '
P . 3 EI < (3)I

S 1 g S
or 12 (1205 .55c )2 9 2pig

Ireqra = 6:65¢% oy (1T = & (nb - pghy

Do2 = 0051k C p* Wgk
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Hence,
~ o = ; A .l q :=
Wy o= 2,128 (.00514 Cpl Wg2) = L0109 Cep* 1g2
and
WaM L0202 5% p , 200
We . 3 Weg
V‘Jg”
Noting wing chord, N
W
m(3 )
w., " 4
g %I AR g

In calculating p, the fuel and fuel tank weight is necessarily
assumed for first approximation

-
hence, Wiy Wwpp Wp
p = |== + L= + i + 1,15R
[wg W Wg F

I. Fixed and Operational Equipment

Weight ratio of fixed and opsrational equipment is estimated in ihe
conventional manner and is the ratio with respect *» eross weient
of the following itemse.
1. Propeller Equipment Weight (Includes weisght
of spinners, anti-icing equipment, synchronizer,
electrical beta and entc controls, €LCe) o o o « » - £CO 1bs.
2. Air Conditioning and Anti-icine Equipment . . . . . 500 1lbs.
3. Electrical System (Empirical). . . . . . .00375 %, + 750 1i»s.
L. Instruments and Navigation Equipment . =« + « ¢« o« « « 700 lbs,

So Electronics ® © 6 6 © ® 6 © & & © & o+ 0o & e = r)l‘h’:‘l-"f’o

6. Hydrauiic and Pneumatic Systems . « o - » .00S g + 15C 1bs.
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7o Surface Controls - « o« o o o o » o o o o 0LO Wy + 070 1hse

8. Misec. Furnishings, Accomodations, Equipment . » - 2050 1bs,

Hence,

WFOE 5300
wg = wg + L,02375

For a 70,000 lb. aircraft, the fixed and operational equipment
hence weighs approximately 7,000 1lbs. exclusive of winz tilt
mechanism and supplemental contrel system.
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